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DECLARATION 

I, Dr. Rathindra M Bose, being dufy sworn, do hereby state that 

1. I am a co-inventor of the above-captioned application. 

2. I am skilled in the art and have worked extensively in the field of 
electrocatalytic reduction and fuel cells, 

3. U.S. Patent No, 5,284,571 to Verbrugge discloses three methodologies 
to electrodeposit metal by using positively charged metal species. The abstract of 
Verbrugge clearly states that "The method of the invention deposits positively 
charged metal species, preferably platinum-ammine, at sites where negatively 
charged sulfonic acid groups of the SPE are in contact with carbon". These 
methodologies are then elaborated by providing three examples. In example 1 ( 0.01 
M Pt(NH 3 } 4 Cl2 (a cationic complex) was used by setting a potential at -2 V vs, 
Ag/AgCI electrode. In example 3 r Verbrugge deposited platinum on a glassy carbon 
surface by rotating disk method with a rotating speed of 1000 rotations per minute by 
scanning potential from 0 to -0.8 V. Example 3 in Verbrugge's invention was used to 
document that these electrodeposited materials show hydrogen evolution at 
potential more negative than -1 V, breakdown of solvent at low metal concentrations, 
and pointed out the limitation of the use of low concentration of metal cation for 
electrodeposition. In example 4, a -75 V fixed potential was used to electrodeposit 
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platinum again from cationic 10 mM Pt(NH 3 )4CI H solution. In fact, half an hour 
deposition yielded only 0.1 _mg/cm z platinum, in other words, Verbrugge discloses 
conventional cyclic voltammetry. 

In contradistinction, the present invention requires the use of cyclic 
voltammetry to electrocatalyze polymerteatiort (i.e. electropolymerization) of 
anionic, catatonic, or neutral platinum complexes on carbon substrates followed by 
reduction to form a uniform thin-film of metal with variable loadings from 0.03 
mg/cm 2 to 0.2 mg/cm 2 . The technique of cyclic voltammetry has long been known to 
electrochemists; however, we have used herein a nonconventional method that was 
previously not expected to work. We used this technology to electrocatalyze 
platinum metal complexes to form polymeric species to uniformly coat carbon 
substrate followed by reduction to make a thin-film. 

Although, the present invention did not specifically use the terminology 
"electrocatafyzed polymerization" or "electropolymerization", it should be obvious to 
one skilled in the art from the body of the figures, data, and evidence provided in the 
present application that the methodology is not conventional electrodeposition and 
cyclic voltammetry as described in Verbrugge, but rather electrocatalyzed 
polymerization. The changes to the claims and specification do not add new matter, 
as the modifications were inherently present to one skilled in the art 

For example, Figure 2 in the present application clearly demonstrates the 
deposition technique is based on electrocatalysis leading to polymerization of 
platinum complexes on carbon surfaces. In this Figure, the increase in peak current 
in successive cycles, as indicated by cycles 1, 2, 3 eta, shows dramatic increase in 
current compared to latter cycles. Note that there is no reduction peak at -0.7 V for 
the first cycle, the distinct formation of the reduction peak became visible in cycle 3. 
This peak is due to formation a thin uniform platinum film due to 
electropolymerization which is the active electrocatalyst This modified carbon 
surface coated with platinum thin film is the active electrode for the reduction of 
phosphate blue used in Figure 2 since a carbon electrode alone does not reduce the 
phosphate blue species. 

For conventional electrodeposition of platinum, one would expect a slow 
growth in peak at -0.7 V, and the current in successive cycles would depend on the 
bulk concentration of the platinum phosphate complex. Therefore, the change in the 
magnitude of current between two successive cycles would either be constant 
(where the changes in buik concentration of platinum complex in so/ution is 
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negligible due to small amount of electrodepositbn) or less due to the depletion of 
the substrates. This [s due to the fact that the current in cyclic voltammetry, or linear 
voltammetry t linearly depends on the concentration of the electro-active species and 
square root of the scan speed as listed in the patent application. 

Furthermore, when a thin-film formation is complete in the present invention, 
very little changes in peak current at -0.7 V were apparent beyond 5 th cycle, 
confirming the behavior of microelectrode in cyclic voltammetry that no further 
changes in the electrode surface were taking place and that the bulk electro-active 
species is quasireversibly reduced and oxidized without significantly depleting its 
concentration, The above observations can only be described by a process in which 
platinum complexes in solution were polymerized at the carbon surface and then 
were reduced to platinum on the same surface by application of potential, Once 
carbon surface is covered with a platinum thin-film, such polymerization no longer 
takes place since no changes in the voltammograms were observed. Therefore, 
this process can best be described by reductive electropolymerization. In fact, 
following the submission of the patent application, we have published an article 
entitled, "Electrocataiytic reduction of platinum phosphate blue on carbon surfaces: 
A novel method for preparing fuel cell electrode" which appeared in the Journal of 
Power Sources, 2006, vol. 157, pp188-192 and is attached to this Declaration, 

There are further differences between Verbrugge and the present invention. 
The present invention's electropolymerization is applied to anionic complexes unlike 
the cationic complex of Verbrugge; two such examples are shown in Table 1 in the 
application, Pt^HH^iiPO^ 2 ' and PtCl 4 2 . We used forward scan (cathodic scan) to 
form thin-films by reductive electropolymerization, and the reverse scans were used 
to reoxidize any platinum that might have deposited due to conventional 
electrodeposition. Such conventional electro deposition by constant current or 
potential scan is detrimental to the surface. Our technology can be applied in lower 
concentrations; there is not a low concentration limit Also, the limitation of our 
invention is that this methodology is applicable to any complexes (cationic, anionic, 
or neutral) as long as these complexes can be polymerized at the carbon surfaces. 

Therefore, it is respectfully submitted that our invention is not anticipated by 
or obvious over the Verbrugge patent, as Verbrugge patent does not disclose 
reductive electropolymerization. 
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The undersigned declares further all statements made herein of his 
knowledge are true and that all statements made upon information and belfef are 
believed to be true, and further that the statements were made with the knowledge 
that willful and false statements and the like so made are punishable by fine or 
imprisonment, or both, under Section 1001 of Title 18 of the Unfted States Code and 
that such willful false statements may jeopardize the validity of the application or any 
patent Issuing thereon. 





Dr. Rathindra |M. Bose 
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Abstract 

An eletrodeposition process for platinum metis] onto carbon surfaces through an electrucalalyzed reduction of a mixed valence oligomeric 
platinum phosphate blue is described. Cyclic voltammnETams oF the platinum phosphate blue revealed adsorption oF the platinum substrate at the 
electrode surface followed by reduction first to PlCII) and then la metallic platinum. These reductions appear to be electxocatalyzed processes as 
evidence from the almost featureless valtammograms at the first cycle fallowed by initial continuous growth of bath reduction waves and then a 
leveling off aftero few cycles. At the end of 5-10 cycles depending on the rancenrraorjns of the precursor, a thin platinum metal film was observed 
on the carbon. When pure platinum metal was used as the working electrode, both the reduction waves showed steady current over multiple 
scans indicating an absence of catalysis. The platinum-coated carbon electrodes function like pure platinum metal electrodes as demonstrated 
by comparing the cyclic voltamraograms of the potassium hcxat^anoFcttateCin/II) redox system recorded with platinum working electrodes and 
platinum-coaLed carbon electrodes. The pltnmuru-caoted carbon electrode with a coating of 0,03 mg cm" 1 (geometric area) did not lose its properties 
even when the electrodes were kept at 2^ M perchloric acid solution over several days. At the low coaling level, a monolayer platinum loading 
was observed by scanning electron microscopy- These ultra-low platinum loaded electrodes exhibit large active surface areas and have potential 
for applications in PEM and FAFfuel cells, 
© 2005 Elsevier B.V. All rights reserved. 

Keywvnit; Platinum dun film electrodes; Flnrinum-coaJed carbon electrodes; Electro chemistry of platinum phosphate blue; Monolayer platinum coaiine on carbon 
surfaces; Electrodes for Fuel cells 



1. Introduction 

In recent years, significant efforts have been directed to 
developing highly efficient fuel cell electrodes [1] and elec- 
trode assemblies [2,3] that are durable and capable of delivering 
much higherkW g" 1 Pt with reduced cost Although tremendous 
progress has been made in reducing platinum loading, higher 
power delivery and durability require further improvement for 
the sluginshreduction kinetics of oxygen. Likewise, the develop- 
ment of a relatively less expensive metal loadmg method remains 
highly attractive for cost reduction. Since effective catalysis, 
especially for the reduction of oxygen, depends largely on the 
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particle size and structure of the catalyst surface, factors thai 
affect both the structure and function of catalysts need to be 
fully understood to in order optimize the redox processes. We 
describe here a strategy for electradepDsidon of platinum with 
variable particle size and surface coverage by taking advantage 
of the electrochemistry of a mixed-valence platinum phosphate 
blue complex. 

Platinum blues arc mixed valence platinum complexes [4-8] 
with an average oxidation state of +Z25, Based on the redox 
and spectroscopic data, platinum phosphate blue was formulated 
to be a tetramer (Fig. 1) in which two bis-phosphato-bridged 
diainmiiie-platinum dimers are attachedby a platinum-platinum 
bond analogous to platinum alpha pyridane blue whose X-ray 
crystallographic structure has been established [5], In an attempt 
to understand the redox properties of platinum phosphate blue, 
we discovered a unique method of elecrrodepositing ultra-low 
amounts Df platinum at carbon surfaces and succeeded in making 
thin-film platinum electrodes [9,10]. In this article, we describe 
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Fig. I . SlnictuiE of platinum phosphate blue, 

a strategy of loading ultra-low platinum from an oligomer! c 
platinum phosphate blue [4—7] that not only offers an efficient 
elecrrocatalytic surface depositioa of platinum on carbon sur- 
faces but also Dpens the possibility of controlling the surface 
chemistry by manipulating the si2e and structures of spacer lig- 
ends that bridge platinum atoms. Furthermore, the article reveals 
the rich electrochemistry of a mixed valence platinum phosphate 
blue, which to the best of our knowledge has not previously 
appeared in the literature, 

2. Experimental 

cii'-DiaramE^choIopIatinumCn) was prepared by the method 
of Dhara [11], Platinum phosphate blue was prepared from 
c£r-DDP by dissolving known quantity of the platinum com- 
plex (LO x 10 -4 mole) and sodium dihydragen phosphate 
(3,0 * 10 -4 mole) in 20 mL water. The pH of the solution was 
adjusted to pH 5.0 by NaOH, The solution was left overnight 
The blue color slowly developed over time. The completion 
of blue formation was determined by monitoring the visible 
spectrum when no further changes in the electronic absorp- 
tion band at 650 nm were observed Alternatively, rij-diaqua- 
din mm ineplatinum(ID solution (1.0 x 10" 4 mole), prepared in 
situ from the dichloro species by adding two equivalents of sil- 
ver nitrate, and NaHnPC^ were mixed in a similar manner to 
form the platinum blue complex. A much accelerated formation 
of the phosphate blue was observed from the diaqua-complex. 
However, the blue formed in this manner was also accompanied 
by the formation of a black precipitate. No such precipitation was 
observed in the preparation form the dichloroplatinum species. 

The concentrations of the platinum blue solutions were 
adjusted to 2.0-5.0 mM for cyclic voltamrnetry experiments. 
Carbon rods were purchased from Spt Supplies (West Chester, 
PA 19381, USA; catalog no. 1685) and carbon cloth (Ton-ay, 
TGPH120) was obtained from ETek, Inc. 

Ultraviolet-visible spectra were recorded on aPerkin-Elmer 
spectrophotometer. Cyclic vollararaerric measurements were 
made on a computer interfaced PAR potentiostat/galvanostat 
{PAR 273) which was controlled and operated by Corrware soft- 
ware. Details of voltamrnornetric set up have been described 
elsewhere [12]. A conventional three-electrode electrochemical 
cell with a carbon rod or carbon cloth as a working electrode, 
Ag/AgCl as a reference electrode, and a platinum wire as an 
auxiliary electrode was used. These electrodes were immersed 
in platinum phosphate blue solutions of 2.0-5.0 mM in Q5M 
NaClQ 4 . 

Platinum coverage on geometric areas was determined by 
estimating platinum content by ICP-MS technique. In these 
experiments coated platinum was completely reoxidized in con- 



centrated aqua regia and then subjected to ICP-MS measure- 
ment Surface morphology was detenuinedby scanning electron 
microscopy (Hitachi S-47G0). 

3. Results 

Kg* 2 shows the cyclic vol lammograms recorded by scanning 
potentials from 0,2 to — 1,0 V versus saturated calomel electrode. 
As can be seen from the figure, the voltammogram recorded 
from the firsL cycle appeared to be , almost featureless t display- 
ing only a shoulder at about —0.95 V. This first voltammogram 
indicates that the phosphate blue is very weakly electroactive 
at the carbon surface. The next sets of VDltarnmograms clearly 
exhibited two distinct reduction waves. The potential for the 
first reduction wave at —0.53 V remained constant while the 
second wave moved from initial — D.94 to — 0.72 V. Also dis- 
tinct is the magnitude of the current for both waves. Magnitudes 
of current far the redox waves initially increase and finally 
level off. These voltammogmms were then compared with those 
obtained with a platinum metal working electrode. Fig. 3 shows 
a typical cyclic voltarrmiogram of the phosphate blue with a 
platinum metal working electrode. In this voltammogram, two 
reduction waves and two oxidation waves in the region —0,42 
and -0.73 V were observed. Separations between the reduc- 
tion and oxidation waves indicate quasi-reversible redox pro- 
cesses. Next, platinum-coated carbon electrodes were cleaned 
in 2.0 M perchloric acidic solution and then reused to record 
volttammogroms of the blue. These voltammograms recorded 
with platinum-coated carbon electrodes as the working elec- 
trode exhibited identical features to those obtained with platinum 
metal working electrodes. Furthermore, repetitive scans using 
the platinum-coated carbon electrodes exhibited conventional 
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Fig. X Cyclic vollummograiTis of plmlmim phosphate blue {2.0 mM} al pH 
6.0 in D3D M NoClC^. The volumunngnims were recorded m n sweep rale of 
1 00 niV b^ 1 with u cuitiDn rot! us the wcridnji nod Ag/AgCl os the reference 
electrodes. The first cycle shows negligible electron cu'vity while the subsequent 
cycles clearly cxhibil reduction mid ajtidolian waves with increasing current 
densities. 
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Fig. 3. Cydie vdtammagraras oFplaiinum phosphate bjuc (2,0 mM) atpHG.Q in 
QJD M NnCIO^ soIuLjdii with e plntinum wire woddng electrode nL 1 00 mV s"" 1 
sweep rate. Reduction and ojddatfon waves were clearly observed from the .very 
first cycle with no sicnlficnnt changes in the currant densities in subsequent 
cycles. 

valtammetry (Fig. 4] in that a small decrease in current was 
observed over repetitive scans due to the depletion of the elec- 
troactive species at the electrode surface. These data clearly 
indicate that platinum-coated carbon electrodes function like a 
pure platinum metal electrode. To further demonstrate the util- 
ity of the coated electrode as the pure platinum electrode, cyclic 
voltaramograms of Fe{CN)fi 3 ~ /2 ~ redox couple were recorded 
The voltammognim of the Fe 3+/2+ couple TUfE was identical 
to that obtained with a platinum metal electrode both in peak 
positions and peak currents when identical surface areas were 
used (Fig. 5). The equal surface area of the platinum-coated 
carbon electrode was adjusted in the following way. First, the 
voitammogram of the blue was recorded using a platinum metal 
working electrode. Then, platinum-coated carbon electrode was 
dipped in the same solution and the depth of the electrode inser- 
tion was adjusted until it reached to the same current level as 
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Fig. 4, Cyclic vDltmnnmgraro of phosphate imic (2.0 mM) at pH 6.0 in D\5Q M 
NaCIQ^ fay using a platinum-coiiled carfann etcctrtaJe. 
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Fig* 5. Compariscia cyclic vnlmramograras of Fe(CN)s 1 ~ ,3 ~ redox cauple usinji 
a platinum wire and u platinum-coated carbon electrode in 0.50 M NnCtCU M 
pHZQ. 



measured at a potential away fom the oxidation and reduction 
waves. 

To demonstrate the ability to irreversibly coat platinum on 
other carbon surfaces, carbon papers were used as working elec- 
trodes. Fig. 6 shows typical voltammograms of the blue recorded 
with those carbon papers. Here again, the first cycle was dis- 
tinctly different from the subsequent cycles as observed for the 
graphite surface. However, these voltammograms show a greater 
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Fig. 6. Cyclic vnluirnmograms of platinam phosphutc blue na a carbun paper 
(Troy) exWbiiiag thn simiiar characlcrisucs as ihosc observed in Fi& 2, Condi- 
tions arc the same as stated in Fig. 2» 
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ban rod) using platinum phosphate blun, 

degree of ineversibility in that the cathodic to anodic currant 
ratios were larger for the carbon paper, indicating even more 
efficient electrodepositiotis on the carbon paper. 

The degree of coating was measured by quantitative analy- 
sis of platinum content as a function of the number of cycles. 
As expected, platinum loading depended on the concentration 
of the blue solutions and the number of cycles employed in 
recording voltammograms. These determinations reveal that 
when 2,0 mM solution was used, the loading varies between 
0.03 and 0,22 mg era" 2 with 5 and 20 cycles. Furthermore, the 
highest loading represents the saturation point as no further 
increase in loading was observed. The electron microscopy of 
the 0.05 mg cm -2, loaded sample reveal formation of platinum 
monolayer [Fig. 7). 

4. Discussion 

The platinum phosphate blue exhibited two successive quasi- 
reversible redox waves on a pure platinum working electrode 
corresponding to the electrode reactions: 

pucn t n,n,in) -fe^ pti(n t ir 1 n f ii) cu 
Pt4{n 1 n i n 1 n} + Be = 4Pt (2) 

The reduction potentials at pH 6.0 can be estimated as —0*47 
and —0.68 V versus Ag/AgCl electrode. On the other hand, the 
appearance of an almost featureless voltammogmm with a shoul- 
der at —0.95 V t recorded in the first cycle using carbon as the 
worMng electrode, indicates that platinum phosphate blue is 
weakly electroactive on this carbon surface. The replacement 
of the shoulder by well defined reduction waves and dramatic 
increases of current in the next few successive cycles are indica- 
tive of the formation of n modified electrode on which the 
phosphate blue is easily reducible. Such an increase in current 
in subsequent cycles is a characteristic of an electropolymeriza- 
rion process [13,14]. This modified electrode functions in com- 
pletely the same way as a platinum metal electrode as indicated 
by several independent chemical and electrochemical experi- 
ments described below. First, subsequent cycles revealed two 



well defined quasi-reversible redox couples as were observed 
on a pure platinum working electrode. After a few cycles, a 
shiny platinum layer was quite transparent on the carbon sur- 
face. Secondly, an analysis of platinum content Dn the carbon 
electrode by ICP revealed a cycle dependent platinum coat- 
ing. By using 2,0 roM phosphate blue solution and a carbon 
rod of 3. IB ram diameter, this coating varied from 0.03 to 
0.25 rngem - -. Thirdly, the voltarnmograras of Fe(CN)6 IW3 '" 
redox couples exhibit identical features, hoth in peak positions 
and magnitude of current, when the equal electrode surface areas 
of a platinum metal electrode and platinum-coated carbon elec- 
trode were utilized. 

The mechanism of electrodeposition on the carbon surface 
deserves same comment First, the remarkable increase in cur- 
rent at and near the reduction potentials of the blue in the 
second cycle implies that a catalytic nucleatio'n process must 
be involved. This is due the fact that uncatnlyzed deposition of 
platinum would be accompanied by an equal or less gradual 
increase in current density compared to the first cycle. Since 
the platinum phosphate blue is an oligomeric species, it is likely 
that further polymerization of the oligomers by adsorption on the 
carbon surface might have led to this very efficient electrode- 
position process. Furthermore, the activation energy barrier for 
such polymerization was perhaps overcome by the adsorption 
process and the potential applied during the voltammerry exper- 
iments. 

Further evidence far the catalytic elecrrodedeposition pro- 
cess can also be found by comparing the amount of platinum 
deposition onto the carhon surface by reduction of FtCLr" - with 
that obtained from the platinum blue. By using identical con- 
centrations of the platinum complexes, a much reduced coating 
of platinum an carbon surfaces was observed from the chloro- 
coraplex even when a more negative cut-off potential (— 1,2 V 
versus Ag/AgCl) was employed Also, the elctrodeposition from 
the tetrachloro-complex appears to be gradual and linearly pro- 
portional to the number of scans* 

The second interesting feature of the lirmting current after a 
few cycles of voltammetry points to a unique characteristic c-f the 
electrode, e.g., monolayer formation. Once the carbon surface 
is ccvered with a monolayer, further deposition did not increase 
the effective surface area of the electrode and therefore no sig- 
nificant increase in current density was observed. Furthermore, 
after 15-20 cycles no significant changes in Lhe platinum depo- 
sition were observed This is due to the fact that pure platinum 
metal electrode revealed only redox waves and no deposition 
of platinum on to platinum surface was observed, as the carbon 
surface converted to a platinum surface, tbe completely coated 
electrode functioned just as the pure platinum surface does. 

The current method of electrodepasition needs la be com- 
pared with other slectrachermcal methods. In an excellent arti- 
cle, Litster and McLean [1] have recently reviewed the per- 
formance Df FEM fuel cell electrodes including those pre- 
pared by electrochemical depositions, Reddy et ai [16,17] have 
described electrodepasition of platinum by utilizing electrode- 
positionmethodology in chlaroplatinic acid baths. This patented 
technology exhibited comparable performance of the fuel cell 
even with 10-fold reduced platinum loading. Verbrugge [15] 
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has alsD utilized electrodepositian methodology in loading plat- 
inum; his methodology differed from Reddy's in its use of 
sulfuric acid, starting platinum substrate* and the application 
of a membrane (not nation). In this method, currents of mag- 
nitude of a couple of amps were used in a 10 mM PtfNHa^ 2 " 1 " 
solution. This author [15] commented that the voltage during 
this high pulse current application reached several volts. Cer- 
tainly; this method requires ultrapure platinum solutions since 
almost ali metals can be reduced on the surfaces due to Lhe large 
change In volliige during the pulse current applications. As the 
concentrations of platinum decrease due to the progression of 
the coating process, larger potential change is required to main- 
tain the constant pulse current Other researchers have reduced 
platinum compounds by first adsorbing platinum cations on 
nafion membranes or carbon surfaces followed by electrochem- 
ical reduction by applying appropriate voltage [18-20], Our 
method seems to be simple because the catalytic process accel- 
erates the deposition of platinum with a relatively low cut-off 
voltage. Furthermore, since the catalytic activity of platinum 
depends on the structures and particle sizes [20,21], our method 
may afford different structures with variable particle size than 
those obtained by the pulse current method. The reason for this 
is that in the pulse current technology, platinum is forced to 
deposit on the carbon surface by applying a large electromotive 
force and therefore there is no control over the surface struc- 
ture. In ourmethod, natural crystal growth may be accomplished 
due to catalytic nature of the growth process. Also, the deposi- 
tion seems to be uniform and can be controlled at any level 
until saturation. Finally, the active surface area obtained from 
this method with ultra-low platinum coating is much larger than 
other electrodes either commercially available or reported in the 
literature [22]. This technology is currently being used in our 
laboratory to prepare membrane electrode assembly for both 
membrane exchange and phosphoric acid fuel cell. The struc- 
ture and adsorption processes of the platinum substrate, platinum 
phosphate blue, might also be helpful in creating a structural lat- 
tice that may he responsible for the higher active surface area. It 
is interesting to note thatBouwman etal. [23] recently reported 
that the electrDcatalytic activity of oxygen reduction by plat- 
inum was enhanced in the presence of dispersed iron phosphate. 
Itremains to beseen whether such enhancement was aidedby the 
phosphate ligand or by the different oxidation states of p2atinum 
center. 
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